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Abstract
Measurements of soil oxygen in a 4-foot profile of Mississippi River
Alluvial soils differing in texture and internal drainage showed marked
differences in oxygen status throughout the growing season. The better
drained, coarser textured soils (Bruin and Dundee) had high oxygen
content at all depths in the profile during the entire season. 1 he poorer
drained soils (Mhoon and 1 unica) were usually low in oxygen below
the 1-foot depth during the first part of the growing season. As the season
progressed, the soil dried out enough for oxygen to enter the profile.
Even after the soils had become dry enough for oxygen to penetrate to
the subsoil, heavy rainfall caused depletion of oxygen in the subsoil of
the Mhoon and Tunica soils.
Soil oxygen content apparently governed root penetration and de-
velopment in these soils. A high positive correlation existed between
subsoil oxygen content during the first part of the growing season and the
amount of roots that developed in the subsoil. Even though the oxygen
status of the fine-textured, poorly drained soils improved in July and
August, this improvement was not reflected in subsoil root development.
Soil Oxygen Content and
Root Development of Cotton in
Mississippi River Alluvial Soils^
W. H. Patrick, Jr., R. D. Delaune and R. M. Engler'
Introduction
The fine-textured, low-lying Hoodplain soils in the Mississippi River
Valley are fertile in terms of plant nutrients but are frequently
limited
in their productivity, presumably as a result of restricted
soil aeration
caused by poor internal drainage. Although restricted oxygen
supply
is frequently cited as one of the major limiting factors in crop produc-
tion on these soils, no experiments have been carried out to
evaluate
their oxygen status or to determine the effect of low oxygen
content on
root development and plant growth. 1 he purpose of the study
reported
here was to measure the oxygen content of a number of Mississippi River
Alluvial soils differing in texture and internal drainage and to deter-
mine if oxygen content in these soils was related to subsoil root develop-
ment.
Review of Literature
Adequate soil oxygen is essential for normal root growth for most
plants. Previous research has shown that decreasing the oxygen supply
to the root system results in decreased respiratory activity, reduced
water
and nutrient absorpdon, and reduced rooting depth and growth of
various plants.
Umler good aeration conditions, the oxygen content in the soil ap-
proaches that of atmospheric air; under poor aeration conditions, the
oxygen content is decreased. The optimum soil oxygen requirement
for root development and plant growth varies greatly with species and
age of plant (Leyton and Rousseau, 1958). Some species can apparently
survive with only 1 or 2 percent oxygen, but an oxygen content greater
than 10 percent is required for good growth of most plants (Kohnke,
1968; Kramer, 1969).
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Much of the information concerning the importance of soil oxygen
to cotton growth is based on inference rather than quantitative data ob-
tained from the field. It is generally accepted that changes in soil physical
properties such as texture and especially soil moisture content result in
changes in soil oxygen content (Russell, 1952). However, there is a sur-
prising lack of data to prove these relationships.
Root growth and activity are generally restricted when the oxygen
content in the soil is limited (Hopkins et al., 1950; Kramer, 1951;
Patrick et al., 1969). Letey et al. (1962a, 1962b) reported that the roots
of cotton, sunflower and beans ceased growing at low oxygen levels
and that an oxygen content of less than 1 percent was detrimental during
the early stages of growth. Patrick et al. (1969) found that oxygen con-
tent was a limiting factor for optimum root development of sugarcane,
especially in the first part of the growing season in heavy-textured and
poorly drained soils. Geisler (1967) showed that as the concentration of
oxygen was reduced to very low levels, both root and top growth de-
creased.
Root elongation is one plant function that can be closely related to
soil oxygen content. Stolzey et al. (1961) found that root elongation in-
creased as the soil oxygen content increased to 21 percent. Hopkins and
Patrick (1969) found that low oxygen content in the soil suppressed the
penetration of roots into the soil. Huck (1970) investigated the effects
of short-term fluctuadons in soil oxygen and root elongation of cotton.
He found that root elongadon ceased completely within 2 or 3 minutes
after all oxygen was purged from the system with nitrogen and that root
elongadon returned to normal shortly after 21 percent oxygen was re-
applied to the system. 1 his rapid response implied that oxygen is in-
volved in cell expansion. Periods of no oxygen for longer than 30 min-
utes caused increasing taproot death undl all roots were killed after 3
hours. Such short-term oxygen deficiency might occur in flooded soils
or in soils with perched water tables caused by the presence of tillage
pans.
Eavis et al. (1971) demonstrated the effect of longitudinal internal
diffusion of oxygen on pea radicle elongation. When air was maintained
at 21 percent oxygen around the shoot, sufficient oxygen diffused
through the plant pathways for radicles in humidified nitrogen gas to
elongate at a rate equal to 20 percent of that of the controls, where en-
ure seedlings were maintained in 21 percent oxygen. When radicles were
maintained in 21 percent oxygen, but the cotyledons in nitrogen, the
radicle elongation was 50 percent of that of the controls. This would
indicate that oxygen moves both up and down the root tissue.
Water uptake by plants is reduced by soil oxygen deficiency, directly
through its effect on absorpdon and indirectly by reducing root growth.
Childers and White (1942) observed that the capability for water ab-
sorption was reduced when plants were grown under flooded soil con-
ditions. Kramer (1949) stated that a decreased oxygen supply to the
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roots reduced their permeabihty to water. The roots of plants grown
under conditions of oxygen deficiency are shorter, thicker,
darker and
have less numerous root hairs (Loehwing, 1937; Daubenmire, 1959).
Nutrient absorption by roots is one of the most important plant
functions that is affected by low oxygen content. Harris and Van Bavel
(1957) found that nutrient absorption remained relatively constant
untd
the oxygen content was reduced below 10 percent. The order of sensi-
dvity of the nutrients to oxygen concentration appeared to be
K>N>P
>Mg>Ca Kramer (1950) demonstrated that phosphorus absorption was
decreased to only 5 percent of the control by displacing all
oxygen with
nitrogen. When oxygen content was lower than 3 percent, both potas-
sium and phosphorus intake was reduced (Hopkins et al., 1950). Iron
chlorosis is frequently associated with poor soil aeration. Wallihan et al.
(1961) observed that orange seedlings in calcareous soil
developed
severe iron chlorosis at low oxygen levels and that the concentration
ol
iron and manganese in the leaf was reduced greatly due to low oxygen
content.
.
Soil oxygen content also inHuences growth and production ot plants
through its effect on plant diseases (Bergman, 1959; Zentmyer, 1966).
Poor aerauon favors fungal growth which may retard plant growth.
Oxygen enters the soil and carbon dioxide leaves the soil through
the air-filled pores. Several studies have shown that air-filled porosity
directly controls oxygen diffusion and consequently soil oxygen content.
For every soil there appears to be an optimum air-filled porosity.
Flocker et al. (1959) related plant growth to changes in air-filled porosity.
An air-filled porosity of 10 percent was the limidng value at which air
could be exchanged in the soil. Optimum growth occurred in soils
with air-filled porosities between 20 and 35 percent. Raney (1949)
lound
that below 22 percent air-filled porosity there was a curvilinear relation-
ship between oxygen diffusion and air-filled porosity, possibly due to
closing of the connecting channels between the pores. Above 22 percent
porosity the curves were approximately linear. Taylor (1949) demon-
strated that the effective diffusion distance became smaller as porosity
decreased. Grable and Siemer (1968) found that oxygen diffusion de-
creased to zero at or near air-filled porosities of 10 to 20 percent.
Differences in pore space among soils result from differences in tex-
ture and structure. These physical soil factors have an indirect effect on
soil oxygen content. Black (1957) observed that air-filled porosity was
less in fine- than in coarse- textured soils at equal water tension. Boyle
and MacLean (1958) showed that oxygen diffusion rates increased with
the size of soil aggregates at 20 cm tension in silty clay loam. Taylor
(1949) indicated that, in general, increasing the bulk density of soils
caused a decrease in oxygen diffusion. Grable and Siemer (1968) stated
that bulk density and aggregate size had little influence on diffusion
of gases through soil provided the soil contained more than 12 percent
air-filled porosity.
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The effective pore space for air movement within a given soil is in-
versely related to moisture content, l aylor (1949) observed little oxygen
diffusion taking place at tensions lower than 20 cm of water. There was
little effect of moisture on gas diffusion at tensions higher than 30 cm.
Bruce and Weigher (1953) demonstrated that the relationship between
diffusion and moisture content was closely related to pore size distribu-
tion. The results of Rust (1957) suggest that moisture-lilocked pores de-
crease diffusion more than pores blocked in other ways.
The major process involved in oxygen consumption in soils is bio-
logical respiration. It is probable that under certain conditions low
concentrations of oxygen in soil may occur as a result of a temporary
but marked increase in the rate of oxygen consumption by the soil, which
cannot be readily offset by the normal process of diff usion.
Experimental Procedure
Relationship Between Soil Oxygen and Cotton Root Distribution
1 he experimental approach used in this study consisted of placing
air-sampling devices at various depths throughout the soil profile and
monitoring the oxygen content throughout the growing season. At the
end of the growing season, representadve root samples were taken at
several depths in each soil profile.
This study was carried out on representadve Mississippi River Alluv-
ial soils in Tensas Parish. Five soil locations were selected at the North-
east Louisiana Experiment Station (Bruin and Mhoon soils in 1969;
Bruin and two areas of Mhoon soil in 1970) and six locations were
selected at Highland Plantadon (Dundee, Mhoon and I unica soils in
1969; Dundee, Tensas Complex and Tunica soils in 1970). The soils
differed in elevation, texture and internal drainage. Dundee and
Bruin soils are usually found on the crest of natural levees of the present
and abandoned channels of the Mississippi River, Mhoon and Tensas
soils at lower elevations, and Tunica soils at still lower elevations. For
each of the 11 soil locations, three uniform sampling sites 100 to 200
feet apart were used. The average distribution of sand, silt and clay
throughout the profiles is shown in Figures 1 and 2.
Bruin and Dundee soils are light-textured with up to 40 percent
sand. Mhoon and Tensas soils are medium-textured and Tunica is a
heavy-textured soil with 40 percent clay in the 0 to 2-foot depth. To
obtain information on the amount of air space available for gas ex-
change in the soils, the relative volume of air, water and soil solids was
determined. Figure 3 shows the air-filled porosity at the end of the
1969 growing season. Air-filled porosity was greatest in the Bruin and
Dundee soils. Mhoon was intermediate and Tunica had the lowest air-
filled porosity. Figure 4 represents air-filled porosity at the beginning
rather than at the end of the 1970 growing season. Bruin, Dundee and
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Figure Iw—Particle size distribution of Dundee, Tunica and Mhoon
soils at Highland Plantation and Mhoon and Bruin soils at the North-
east Louisiana Experiment Station in 1969.
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Figure S^Volume distribution of soil solids, air space and water at
end of 1969 growing season for Mhoon and Bruin soils at the North-
f east Louisiana Experiment Station and Dundee, Tunica and Mhoon
soils at Highland Plantation.
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Figure 4,—Volume distribution of soil solids, air space and water at
beginning of 1970 growing season for Bruin, Mhoon 1 and Mhoon 2
soils at the Northeast Louisiana Experiment Station and Dundee,
Tensas Complex and Tunica soils at Highland Plantation.
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Tensas soils had air-filled porosities generally greater than 10
percent.
Mhoon and 1 unica soils had air-fdled porosities of less than 10 percent,
a value at which normal exchanges ol gases do not occur. Mhoon 2 and
1 unica soils had these low porosity values throughout the profile.
Small air reservoirs were established in the soil at various depths for
sampling and analyzing soil air. In constructing the soil air reservoirs a
sampling tube y4-inch in diameter was used to cut into the soil to a depth
2 inches greater than the desired sampling depth. A No. 4 rubber
stopper was slipped on the end of a section of copper tubing of 1/16-inch
inside diameter and forced into the hole far enough so that an opening
4 inches long was left below the stopper. In this way the reservoir was
large enough to permit exchange of gases between the soil and the
reservoir.
To prevent contamination with atmospheric oxygen, a 2-inch layer
of plaster of Paris was poured into the hole and the remainder of the
hole filled with soil. 1 he tip of the copper tubing extended above the
soil surface and was sealed with a small serum cap.
Soil air was drawn directly from the reservoir into a specially con-
structed cell containing a Clark-type membrane-covered polarographic
oxygen electrode (Patrick et al., 1969). The cell was designed in such a
way that the effective volume of the cell was less than 1 cc. The inlet for
the oxygen analyzer cell was fitted with a small section of neoprene
tubing which could be easily attached to the copper tubing. A syringe
attached to the cell outlet was used to draw an air sample into the cell.
Five to 10 milliliters of air drawn through the cell was sufficient for an
accurate oxygen measurement. A battery-operated oxygen analyzer (yel-
low Spring Model 51) was used for analysis of oxygen.
Excavations were made at each of the sampling sites at the end of the
growing season to determine the distribution of cotton roots in the soil.
Cylindrical volumes of soil approximately 8 inches in diameter and
either 6 inches or 1 foot in length, corresponding to the oxygen sampling
depth, were removed from each site. The roots were separated from the
soil by washing, then dried at 65° C and weighed. The values reported
are average weights of roots from three soil profiles.
Results and Discussion
Soil Oxygen Content
1969 Results. The soil oxygen content throughout the growing sea-
son for the Bruin and Mhoon soils at the Northeast Louisiana Experi-
ment Station is shown in Figures 5 and 6. For the medium-textured,
well-drained Bruin soil, aeration was adequate throughout the season
t) with oxygen contents of approximately 20 percent at all depths in the
soil profile. The three rephcate sites showed close agreement in oxygen
values.
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Figure 5-—Oxygen distribution in Bruin soil at the Northeast Louis-
iana Experiment Station in 1969.
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Figure e^Oxygen distribution in Mhoon soil at the Northeast Lou-
isiana Experiment Station in 1969.
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Oxygen measurements in the Mhoon soil showed that aeration in the
lower profile was much more limiting than in the Bruin soil. At the 1-foot
depth and below, oxygen content at the beginning of the growing
season was at a level generally considered too low for adequate root
development. As the season progressed there was a gradual increase in
oxygfen content in the subsoil, but adequate subsoil aeration was not
evident until July. Because of poor internal drainage in the Mhoon
soil, the soil pores contained too much water for oxygen to diffuse below
the surface foot of soil. Moisture removal from the profile by downward
drainage and moisture losses due to evapotranspiration as the season
progressed allowed oxygen to penetrate deeper into the soil.
Oxygen measurements for the Dundee, Mhoon and 1 unica soils
at Highland Plantation are shown in Figures 7 through 9. For the well-
drained Dundee profile, aeration was good throughout the season with
the possible exception of die May 28 values, when oxygen content de-
creased to 10 percent at the 3-foot depth in all three replicate profiles
and at the 1-foot depth in one of the replicate profiles. A water table
was present between 3 and 4 feet on May 28 and June 12. During most
of the growing season, however, no deficiency of oxvgen was noted at
any depth.
Aerauon was much more criucal in the Mhoon soil at Highland
Plantation, especially during the first part of the season. This is shown in
Figure 8. Only in the plow layer was aeradon unrestricted early in the
season. A water table was present between 2 and 5 feet at the first two
sampling dates in May and June. Later in the season the water table
receded below^ 4 feet.
Aeration was especially limiting in the poorly drained Tunica soil,
as shown in Figure 9. Low oxygen contents were measured in the sub-
soil until the middle of August. At the June 12 sampling, oxygen con-
tent of die soil air at the l-foot depth was 5 percent in two of the three
replicates. A high w^ater table was also present until the middle of the
growing season.
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Figure 8-—Oxygen distribution in Mhoon soil at Highland Planta
in 1969.
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Figure 9.—Oxygen distribution in Tunica soil at Highland Plantation
in 1969.
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1970 Results. Oxygen measurements made in 1970 on Bruin, Mhoon 1
and Mhoon 2 soils at the Northeast Louisiana Experiment Station are
shown in Figures 10 through 12. Measurements were made in the same
general area for the Bruin soil. The Mhoon 2 soil used in 1970 was the
same as the Mhoon soil of 1969. The Mhoon 1 soil was selected in 1970
because it was thought to be intermediate in drainage (and conse-
quently aeration) between the Bruin and Mhoon 2 soils. Oxygen content
in the Bruin soil was high throughout the profile, with no indication of
any restriction in aeration. Heavy rains a day or two before the August
19 measurement had little effect on measurements taken on August 19,
but resulted in slightly lower oxygen in the profile at the September 1
sampling.
The oxygen content of the Mhoon 1 soil was much more critical.
During the early part of the growing season a marked decrease in oxygen
content with depth was evident. At the 3- and 4-foot depths oxygen con-
tent was probably too low for adequate root growth. As the soil dried out
due to downward drainage and evapotranspiration, aeration improved
throughout the profile. I he September 1 measurements showed a drastic
decrease in subsoil oxygen. Rainfall filled the soil pores in the upper
part of the profile and prevented air from diffusing into the soil. At the
2- and 3-foot depths the oxygen content was below 5 percent. Such a low
oxygen content persisting for several days probably resulted in root
injury or, at the very least, in unfavorable conditions for root growth.
The unhealthy conditions of cotton plants on clayey soils following
heavy rains lasting several days are very likely due to restricted oxygen
and the unfavorable soil conditions that accompany low soil oxygen.
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Figure 10.
—Oxygen distribution in Bruin soil at the Northeast Lou-
isiana Experiment Station in 1970.
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Figure 11-—Oxygen distribution in Mhoon 1 soil at the Northeast Lou-
isiana Experiment Station in 1970.
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Figure 12-—Oxygen distribution in Mhoon 2 soil at the Northeast Lou-
isiana Experiment Station in 1970.
Oxygen profiles in the Mhoon 2 soil were similar to those of the
Mhoon 1 soil except for oxygen content being higher at the 3- and 4-foot
depths in the Mhoon 2 soil at the beginning of the growing season. The
effect of rainfall saturating the surface soil and decreasing oxygen in
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the subsoil was also observed. 1 he sampling reservoirs at the 6-inch
and 1-foot depths were saturated with water at the August 19 sampling
and the effect on oxygen content in the subsoil was still evident at the
September 1 sampling.
Oxygen distribution in the Dundee, lensas and Tunica soils at
Highland Plantation is shown in Figures 13 through 15. The Dundee
soil, with adequate internal drainage, had ample oxygen except for
slightly decreased values at the beginning of the growing season. The
poorer drained 1 ensas and Tunica soils were sometimes low in oxygen.
Rainfall in late August was not as great at Highland Plantation as at
the Northeast Louisiana Experiment Station and no late-season de-
crease in subsoil oxygen was noted. Although oxygen was usually not
as high as in the Dundee soil, the Tensas soil was not deficient in oxygen
at any time during the growing season. In the 1 unica soil, on the other
hand, no oxygen was present at the 2-foot depth and below at the first
sampling. Aeration in this soil was critical in the subsoil until the July 22
sampling. As the growing season progressed, withdrawal of water from
the soil by downward drainage and evapotranspiration increased the air-
filled porosity of the soil enough so that oxygen content improved.
The results of these oxygen measurements over a 2-year period at 1
1
locations in Mississippi River floodplain soils show that oxygen con-
tent in the soil profile was never limiting in the better drained, medium-
textured soils, but that oxygen contents considered low enough to ham-
per root growth and development were evident in the finer textured,
poorer drained soils. Oxygen was generally lowest early in the season
June 19
J L
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V/ I 1 L_ikJ //-
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Oxygen - percent
Figure 13.—Oxygen distribution in Dundee soil at Highland Plantation
in 1970.
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Figure H^Oxygen distribution in Tensas soil at Highland Plantation
in 1970.
Oxygen - percent
Figure 15^0xygen distribution in Tunica soil at Highland Plantation
in 1970.
when the soil pores were still filled with water from winter and early
spring rains. Water removed by downward percolation, evaporation
) and plant removal increased the air-filled porosity of the soil and con-
sequently improved aeration as the season progressed. It was evident,
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however, that in these poorly drained soils heavy rains at any time
during the growing season could block the soil pores enough to seriously |
restrict subsoil aeration. 1 he specific effect of this late season depletion
of oxygen is not known, but it is likely that if it persisted for many days
serious root injury resulted.
Root Distribution
1969 Results. The amount of roots separated by washing in each of
the soils is shown in Figures 16 and 17. As expected, most roots were
concentrated in the surface foot of soil. Except for the fact that more
roots were removed from all depths of the Bruin soil, differences among
the soils in root distribution were not readily apparent. Root washing
techniques are relatively inefficient in recovering all of the roots, and it
is certain that factors such as soil texture affected the recovery of roots.
For example, it is much easier to separate roots from medium-textured
soils such as the Bruin and Dundee than from fine-textured soils such as
Figure
profile
200 300 400 0 100 200 300 400
Root Density - lb per Acre 6 in
16.—Root distribution in Bruin and Mhoon soils in 1969. Each
represents an average of three locations.
Figure 17.—Root distribution in Dundee, Mhoon and Tunica soils in
1969. Each profile represents an average of three locations.
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Mhoon and Tunica. Nonetheless, it is Hkely that the root distribution
data given here do indicate relative root activity at various soil depths
since the measured values agree with visual observation.
1970 Results. Root distribution in the six soils is shown in Figures
18 and 19. These figures show more roots recovered in 1970 than in 1969.
Most of the increase was probably due to a better separation technique
rather than to more roots being produced in 1970. A converted automatic
washing machine was used in 1970 for agitation of the soil and separa-
tion of the roots, rather than the hand operation used in 1969. The dif-
ferences in root concentration in the surface foot apparently reflect
differences in fertility and productivity of the soil rather than differences
in aeration since all of the soils had adequate aeration in the surface
foot for most of the growing season. There were differences in root
concentration in the subsoil, however, which coincided with differences
in soil oxygen content. The amount of roots in the 2- to 3-foot and the
3- to 4-foot depths was usually greater for the better aerated Bruin and
Dundee soils than for the other soils.
In order to determine whether subsoil root development was related
to soil oxygen during the growing season, plots were made of the amount
of subsoil roots as a function of oxygen content during the 1970 season.
100 200 300 400 0 100 200 300 400
0 100 200 300 400
Root Density-lb per Acre 6 in
Figure IS^Root distribution in Bruin, Mhoon 1 and Mhoon 2 soils
in 1970. Each profile represents an average of three locations.
^ 200 300 400 0 100 200 300 400 0
Root Density- lb per Acre 6 in
100 200 300 400
Figure 19^Root distribution in Dundee, Tensas and Tunica soils in
1970. Each profile represents an average of three locations.
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The closest relationship was found when subsoil root density was plotted
against the average oxygen content at the 3-foot depth during June.
Figures 20 and 21 show the relationship between these oxygen values
and the amount of roots in the 2- to 3-foot depth and in the 2- to 4-foot
depth. A fourfold increase in average June oxygen content from 5 to
20 percent was associated with a fourfold increase in subsoil root de-
velopment. Although the amount of roots below the 2-foot depth was
100
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Figure 20.—Relationship between average oxygen content at the 3-foot
depth during June and amount of roots in the 2- to 3-foot depth at
end of growing season in 1 970.
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small, these roots occurring at lower depths are important for the growth
of the crop. Beside their function in nutrient uptake, they serve a very
important function in supplying water to the crop when available water
has been depleted from the upper part of the soil profile.
It is very significant that subsoil oxygen content during June was
most closely related to subsoil root development. During June the fine-
textured, poorly drained soils were usually deficient in subsoil oxygen.
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Figure 21-—Relationship between average oxygen content at the 3- and
4-foot depths during June and amount of roots in the 2- to 4-foot
depth at end of growing season in 1970.
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If it can be assumed that greater root penetration in the subsoil would
be reflected in greater plant growth and yield, improved aeration in
these soils should result in improved growth and yield of cotton. In al-
most all of the soils with poorly aerated subsoils, the oxygen status im-
proved in July and August but this improvement was apparently too
late to cause increased root development.
These results agree closely with results of" a study of soil oxygen
content and root development of sugarcane on Mississippi River Alluvial
soils (Patrick et al., 1969). The amount of sugarcane roots developing
below the 2-foot depth was closely related to the average oxygen content
of the subsoil during the first part of the growing season. The information
obtained in this study strongly suggests that improved internal drainage
in the fine-textured Mississippi River Alluvial soils would improve soil
aeration, which, in turn, should improve growth and yield of cotton.
Such an improvement in internal drainage cannot be brought about by
better surface drainage alone as is now practiced in this area, but will
very likely require the installation of internal drainage structures such
as tile drains.
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